Cell-free preparations from seeds of Marah macrocarpus L. and Malus domestica L. catalyzed the conversion of gibberellin A, (GA.) and 2,3-dehydroGA9 to GA7; GA, was also metabolized to GA4 in a branch pathway. The preparation from Marah seeds also metabolized GA, to GA3 in high yield; GAs was a minor product and was not metabolized to GA3. Using substrates stereospecifically labeled with deuterium, it was shown that the metabolism of GA, to GA3 and of 2,3-dehydroGAo to GA7 occurs with the loss of the 1,-hydrogen. In cultures of Gibberella fujikuroi, mutant B1-41a, [10,2,_-2H2]GA4, was metabolized to [1, with the loss of the la-and 2a-hydrogens. These results provide further evidence that the biosynthetic origin of GA3 and GA7 in higher plants is different from that in the fungus Gibberella fujikuroi.
In cultures of the fungus Gibberellafujikuroi, GA4 ( Fig. 1 )2 is first metabolized (6) to GA7 (Fig. 1 , [4] ) and then to GA3 (Fig. 1 , [5] ). The stereochemistry of the didehydrogenation of GA4 (Fig. 1 , [1] ) to GA7 in this fungus was first investigated by Evans et al. (12) . These workers concluded from incorporation of tritium from 2R-, 2S-, and 5R-3H-labeled [2-'4C]-mevalonic acids that the 1a-and 2a-hydrogens of GA4 were lost. More recently (8) , using the mutant B1-4 la of G. fujikuroi in which GA biosynthesis is genetically blocked at a step before GA4, Beale and MacMillan (3) showed that [lfl-2HH]-GA4 (Fig. 1 , [2] ) (22) was metabolized to GA3 with retention of the deuterium label. Using the same mutant, the present paper reports the metabolism of [1 3,2#_-2H2]GA4 (Fig. 1, [3] ) (23) into GA3 with retention of both deuterium labels. Thus, it has been firmly established that GA4 is convereted into GA7 by cis-Ia,2a-didehydrogenation in G. fujikuroi. To date, no investigation of the stereochemistry of this conversion has been reported for higher plants. However, in contrast to the fungus in which 1 a-and 2a-hydroxylated GAs predominate, higher plants contain predominantly l,B-and 2f3-hydroxylated GAs (see Bearder [5] for review). This suggested the possibility that the stereochemistry of the formation of the 1,2-double Financial support is gratefully acknowledged from the Agricultural and Food Research Council (J.MacM.) and the National Science Foundation, grant DMB-8506998 (B.O.P.). 2 The numbers for chemical structures are given in square brackets.
bond in GA7 and GA3 in higher plants was opposite to that in the fungus and involved the loss of the I 3-and 2,Bhydrogens. When our investigation ofthis possibility began, the natural occurrence of GA3 in higher plants had not been conclusively established. However, GA7 had been identified by GC-MS in extracts of seeds of Marah macrocarpus L. (9) and Malus domestica L. (19, 27) . Accordingly, cell-free preparations from the seed of these two species were used to investigate the possible formation of GA7 from GA4 and the stereochemistry of the process. Attempts over many seasons failed to provide enzyme preparations that metabolized GA4 to GA7. The recent findings ofFujioka et al. (14, 15) established the natural occurrence of GA3 in shoots of Zea mays L. and the biosynthesis of GA3 from GA20 ( Fig. 1 , [6] ) via GA5 (Fig. 1 , [8] ) (15) . These results from Zea mays suggested that GA7 in M. macrocarpus and M. domestica may not be formed by direct 1,2-didehydrogenation of GA4 but from GA9 via 2,3-dehydroGA9 ( Fig. 1 , [9] ). This paper presents evidence for the enzymatic formation of GA7 from 2,3-dehydroGA9 by cellfree enzyme preparations from Marah and Malus seeds and of GA3 from GA5 in the enzyme preparation from Marah seeds. Investigations on the stereochemistry of these transformations are also reported.
MATERIALS AND METHODS

General Procedures
Solvents were redistilled before use. TLC analysis was performed on aluminum sheets, coated with 2 mm layers of silica gel 60 F-254 (Merck, Darmstadt, FRG), and flash chromatography (29) 02H2 C02CH3 fjj) [12] (10) [1a-2H%]GibbereIlln A5
The known (22) GA3 methyl ester 13-acetate (4.2 g) was converted into 5.1 g of the 3-methanesulfonyl derivative (Fig. 4, [18] ), m.p. 110-113°C, as described (24) for the [2-2H]-labeled GA3 methyl ester 13-acetate. The methanesulfonate (200 mg) was hydrogenolyzed by the method of MacMillan and Willis (24) . Palladium on calcium carbonate (10%, w/w; 100 mg) and 0.5 mL cyclohexene in 5 mL EtOAc were stirred for 30 min in an atmosphere of deuterium gas. [2H5JPyridine (0.5 mL) was then added to poison the catalyst. After 10 min the methanesulfonate (200 mg) was added in 2 mL EtOAc, and the mixture was stirred for 2 h at room temperature. The mixture was then filtered and the filtrate was evaporated under vacuum to give a gum that was fractionated by flash chromatography eluting with 15 mL portions of 15 to 25% (v/v) EtOAc in PE. Fraction 13 contained 17 mg [l a-2HI]GA5 methyl ester 13-acetate (Fig. 4, [19] ). Fractions 14 to 16 contained 47 mg of a 1:1 mixture of [la-2HI]GA5 methyl ester 13-acetate and the isomeric compound (Fig. 4, [20] ). This mixture (45 mg), 2 mL of acetic anhydride, and 
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Copper (I) chloride (750 mg) was added to 1.8 g of the known (4) 3-oxoGA3 methyl ester 13-acetate (Fig. 5, [24] ) in 100 mL methanol with stirring at room temperature. After 5 min, 320 mg NaB2H4 was added to the reaction mixture. After 1 h, the original black color had changed to green and the solvent was removed under vacuum. The standard workup gave a crude product, which was purified by flash chromatography. Elution with 30 to 60% (v/v) EtOAc in PE gave a 1.06 g mixture of the 3-epimeric alcohols (Fig. 5, [25] ), in the ratio 85:15 of the 3a:3f3-alcohols (determined by 'H-NMR). This mixture (1.0 g) in 50 mL dry pyridine and 1.8 mL phosphoryl chloride was heated under reflux for 45 min. Water was added slowly to the cooled solution, followed by the standard work-up. The crude product was subjected to flash chromatography, and elution with 18% (v/v) EtOAc in PE gave two products in the following order: [28] (109 mg), prepared as described in section 4, was dissolved in 5 mL THF, 0.5 mL methyl oxalyl chloride, and 0.5 mL pyridine, and the solution was heated under reflux for 30 min. The standard work-up gave 120 mg of the crude methyl oxalyl ester (Fig. 5, [30] ), a 100 mg portion of which was heated for 1.5 h in 5 mL refluxing toluene containing 1.0 mL tri-n-butylstannane and 100 mg 2,2'-azobis(2-methylpropionitrile). Removal of the solvent under vacuum and flash chromatography of the product with 10 to 18% (v/v) EtOAc in PE gave a 164 mg mixture of tin residues and [1f,3-2H2]-2,3-dehydroGA9 methyl ester (Fig. 5, [31] (Fig. 3) were prepared from their corresponding norketones using the Lombardo method (21).
The method of synthesis of [lca-2HI]GAs (Fig. 4, [23] ) from GA3 is adapted from Murofushi et al. (26) . Controlled catalytic reduction of GA3 methyl ester 13-acetate 3-methanesulfonate (Fig. 4 , [18] ) with deuterium gas and a partially poisoned catalyst (24) , gave an inseparable mixture of [ a-2H H]-GA5 methyl ester 13-acetate (Fig. 4, [19] ) and its 1,2-doublebond isomer (Fig. 4, [20] ). Following the procedure ofBearder et al. (7) the mixture of isomers [19] and [20] was treated with toluene-4-sulfonic acid and acetic anhydride to convert [20] to the 19,2-lactone (Fig. 4, [21] ) from which the unchanged [1 a_-2H]GAs methyl ester 13-acetate was separated by flash chromatography. Stepwise hydrolysis of the 13-acetate, then the methyl ester (Fig. 4, [22] ), gave the required [1 a-2H l ]GA5 containing 0.5 atoms ofdeuterium per molecule.
The synthesis of [1f,3-2H2]GA5 (Fig. 5 , [29] ) is adapted from Beale et al. (4) . Reduction of the enone (Fig. 5, [24] ) as described by Beale and MacMillan (3) gave a mixture of the two epimers (Fig. 5, [25] ), which were treated with phosphoryl chloride in pyridine to give the chloro-compound (Fig. 5 , [26] ) and the 2,3-ene (Fig. 5, [27] ). Treatment of the chlorocompound with 1,8-diazabicyclo[5.4.0]undec-7-ene and pyridine gave the 2,3-ene, which was stepwise hydrolyzed to the methyl ester (Fig. 5, [28] ) then to [1#,3-2H2]GA5 (Fig. 5, [29]) containing 1.69 atoms of deuterium per molecule. The corresponding [113,3-2H2]-2,3-dehydroGA9 (Fig. 5, [32] ) was prepared by 13-deoxygenation of [ lf,3-2H2]GA5 methyl ester via the methyloxalyl ester (Fig. 5, [30] ) by the method of Dolan and MacMillan (11) . Hydrolysis ofthe resultant methyl ester (Fig. 5, [31] ) gave [1I3,3-2H2]-2,3-dehydroGA9 containing 1 .70 atoms of deuterium per molecule. The stereochemistry of the deuterium labels in these substrates was determined by 2H-NMR (1) . We (23) had previously established by NMR that the borodeuteride reduction of enones, e.g. [24] (Fig. 5) introduces a lB-deuterium in the reduction products, e.g. [25] (Fig. 5) . Figure 6A can therefore be made for the 1I#-, la-, 2-, and 3-hydrogen signals in the 'H-NMR spectrum of unlabeled GA5 methyl ester; they were confirmed by decoupling experiments. The 2H-NMR spectrum (Fig. 6C ) of the prepared [la-2H]GA5 methyl ester (Fig.  4 , [22] ) showed one signal at 62.56 with a possible slight shoulder at 62.31 from which it may be conservatively concluded that the substrate [lIa-2H]GA5 (Fig. 4 , [23] ) is at least 80% stereospecifically labeled with a 1 a-deuterium.
Marah System
The metabolites from the eight substrates were identified (Table I) Interestingly, the Marah system also catalyzed the metab- Figure 9 ; the only other products were trace amounts of [17- formed.
In contrast to the metabolism of GA9 to GA7, GA20 was not metabolized to GA3 in the Marah system. As shown in Figure 11 , incubation of [17-'3C,3H2]GA20 gave [17-13C] -labeled GA,, GA8, GA29, and GA60, but no ['3C]GA3.
Malus System
As with the Marah system (see Fig. 7 (Table II) showing that 1,2 dehydrogenation of GA4 to GA7, and hence GA3, occurs with loss of the 1a-and 2a-hydrogens.
DISCUSSION The results of this study indicate that GA7 is formed from GA9 via 2,3-dehydroGA9 in seeds ofMarah macrocarpus and Malus domestica and that GA4 is not a precursor of GA7 in these systems. The absence of2,3-dehydroGA9 as a metabolite of GA9 is probably due to the observed efficient conversion of 2,3-dehydroGA9 to GA7 by these cell-free preparations.
In Marah and Malus, the branch pathway GA9 --2,3-dehydroGA9 -> GA7 parallels the corresponding 13-hydroxy branch pathway, GA20 --GA5 --GA3 recently established (15) in maize shoots. Moreover, the cell-free system from Marah seeds catalyzed the conversion of GA5 to GA3 in high yield.
The stereochemistry of the conversion of 2,3-dehydroGA9 to GA7 and of GA5 to GA3 was shown to involve the loss of the lI3-hydrogen. We (2) have previously shown that GA20 is converted into GA5 with the loss of the 20-and 3fl-hydrogens by an enzyme preparation from seeds of Phaseolus vulgaris. Thus, our hypothesis that the 1,2-double bond in GA7 and GA3 originates in higher plants by the loss of the I,B-and 2,3-hydrogens appears to be correct. Furthermore, the biosynthesis of GA3 in maize shoots (15) and in Marah seeds (this paper) and of GA7 in Marah and Malus seeds (this paper) differs from the biosynthesis of GA3 and GA7 in the fungus in the following respects: in these higher plant systems, GA3 and GA7 are formed by separate pathways; in the fungus, GA3 is formed from GA7 in a single linear pathway. These results imply that higher plants have not acquired the genes for GA biosynthesis from the fungus.
The Marah enzyme preparation is 2-oxoglutarate dependent (28) and the observed conversions of GA5 to GA3 and of 2,3-dehydroGA9 to GA7 are novel properties of such oxygenases. They are reminiscent of allylic oxidation by singlet dioxygen as suggested by MacMillan et al. (25) . The cell-free preparations from Marah and Malus seeds also contain 2,3-epoxidase activity which is more apparent when the 2,3-dehydroGA9 and GA5 are deuterated at postion-1. However, the epoxides do not appear to be intermediates between the 2,3-enes and the 1-en-3-ols since GA6 was not metabolized to GA3 in the Marah system. Studies on the mechanism of the formation of GA3 and GA7 and 2,3-dehydroGA9 must await purification of the enzyme(s).
